Abstract: Fusarium graminearum Z-3639 and F. sporotrichioides NRRL3299 produce the trichothecene mycotoxins 15-acetyldeoxynivalenol and T-2 toxin, respectively. These toxins differ in oxygenation at C-4, C-7, and C-8. In F sporotrichioides, Tril (FsTril) controls C-8 hydroxylation. To determine the function of an apparent F graminearum TriJ (FgTril) homolog, both FsTriJ and FgTril genes were heterologously expressed in the trichothecene-nonproducing species F. verticillioides by fusing the Tril coding regions to the promoter of the fumonisin biosynthetic gene FUM8. FsTril and FgTriJ have been partially characterized by disruption analysis, and the results from these analyses suggest that FsTril most likely has a single function but that FgTriJ may have two functions. Transgenic F verticillioides carrying the FsTril (FvF8FsTril) converted exogenous isotrichodermin and calonectrin to 8-hydroxyisotrichodermin and 8-hydroxycalonectrin, respectively. Transgenic F. verticillioides carrying FgTril (FvF8FgTriJ) converted isotrichodermin to a mixture of 7-hydroxyisotrichodermin and 8-hydroxyisotrichodermin but converted calonectrin to a mixture of 7-hydroxycalonectrin, 8-hydroxycalonectrin, and 3,15-diacetyldeoxynivalenol. A fourth compound, 7,8-dihydroxycalonectrin, was identified in large-scale F. verticillioides FvF8FgTriJ cultures fed isotrichodermin. Our results indicate that FgTriJ controls both C-7 and C-8 hydroxylation but that FsTriJ controls only C-8 hydroxylation. Our studies also demonstrate that F verticillioides can metabolize some trichothecenes by adding an acetyl group to C-3 or by removing acetyl groups from C-4 or C-15. In addition, wild-type F. verticillioides can convert 7,8-dihydroxycalonectrin to 3,15-diacetyldeoxynivalenol.
Introduction
Trichothecenes are a group of sesquiterpene epoxides produced by several species of Fusarium, Myrothecium, and Trichothecium (Desjardins et al. 1993) . The biosynthesis of Fusarium trichothecenes involves a pathway that begins with cyclization of farnesyl pyrophosphate to form the sesquiterpene hydrocarbon trichodiene, which subsequently undergoes multiple oxygenations, cyclizations, and esterifications (Desjardins et al. 1993) . Fusarium trichothecene biosynthesis requires at least six oxygenation steps that utilize molecular oxygen (Desjardins et al. 1986) .
Trichothecenes produced by Fusarium graminearum and Fusarium sporotrichioides differ in several ways. Fusarium graminearum trichothecenes (e.g., deoxynivalenol, nivalenol, and 15-acetyldeoxynivalenol (l5-ADO » typically have C-7 hydroxyl and C-8 carbonyl functions (Fig. 1a) , whereas F sporotrichioides trichothecenes (e.g., neosolaniol, T-2 toxin) lack a C-7 hydroxyl function and have a hydroxyl or ester at C-8 (Fig. 1b) or lack C-8 oxygenation (e.g., 4, In F sporotrichioides, FsTril encodes a P450 monooxygenase that is required for hydroxylation at the C-8 position.
The gene was first identified along with an acyltransferase gene Tril6 in a two-gene locus . FsTril gene disruption mutants are defective in the ability to hydroxylate the C-8 position and as a result accumulate 4,15-DAS rather than T-2 toxin. Meek et al. (2003) were unable to detect a F graminearum Tril (FgTril) homolog by Southern analysis. Brown et al. (2003) did identify a possible F graminearum FgTril homolog by BLAST analysis of FsTril against the F graminearum genome sequence (www.genome.wi.mit.edu). McCormick et al. (2004) identified and characterized a P450 gene (FgTril) from an expressed sequence tag library on contig 1.4 of the F graminearum sequence. This gene is 59% identical to FsTril at the amino acid level, and FgTril disruption mutants lack the ability to hydroxylate trichothecenes at C-8 and also at C-7 and as a result accumulate calonectrin rather than deoxynivalenol or 15-ADO (McCormick et al. 2004 
Materials and methods

Strains
The F graminearum wild-type strain Z-3639 was isolated from scabby wheat by R. Bowden (Kansas State University) (Bowden and Leslie 1992) . The F sporotrichioides wild-221 type strain is RRL3299. Fusarium verticillioides M-3125 is a fumonisin-producing strain isolated from maize ).
Media and culture conditions
Fusarium verticillioides M-3125 and transformants were grown on V-8 juice agar slants or plates (Stevens 1974) . For feeding experiments, liquid cultures of F verticillioides were initiated with a plug cut from a V-8 slant inoculated into 20 mL glucose -yeast extract -asparagine -malic acid (GYAM) (Proctor et al. 1999 ) in 50 mL Erlenmeyer flasks and then grown at 28 DC in the dark at 200 rlmin (l r =2nrad).
FsTril and FgTril expression in F. verticillioides
The FgTril expression plasmid was constructed by inserting the FgTril coding region and 574 bp of the 3' flanking sequence behind the FvFUM8 promoter, which consisted of 780 bp immediately upstream of the F. verticillioides FUM8 translation start site (Seo et al. 2001 ). The FgTril fragment was amplified by PCR with primers 1561 (5' -CAGTCTAGA GCCCATCATGGCTCTCATCACCAGTTTGCAG-3') and 1514 (5'-CATGGCGCGCCAATTCGAGGATAGCGACTC-3') from genomic D A of F graminearum Z-3639. The resulting 2327-bp fragment was band purified (UltraClean, MoBio, Solano Beach, California) and cloned into pCRBlunt II Tapa (Invitrogen, Carlsbad, California). PCR amplification used Pfu Turbo (Stratagene, La Jolla, California) following the manufacturer's protocol in an MJ Research (Watertown, Massachusetts) PTC-I00 thermocycler. The PCR product was sequenced (ABI Prism BigDye Terminator Cycle Sequencing Kit) using a PE Biosystems 3700 automated DNA sequencer (PE Biosystems, Foster City, California) to ensure the integrity of the sequence. The amplified FgTril sequence was inserted behind the FvFUM8 promoter in plasmid pFvFUM8P via SpeI and AscI sites that had been introduced at the 5' and 3' ends, respectively, of the FgTril fragment via the PCR primers (see underlined regions of primer sequences). The bold-faced sequence is homologous to the FvFUM8 promoter sequence immediately upstream of the ATG start site, engineered to promote continuous transcription in the transgenic mutants. Once again, the junction of the FvFUM8~romoterand the FgTril gene coding region was sequenced to ensure integrity. This plasmid was then cut with AscI, and a ffagment containing the hygromycin selectable marker was inserted after the 3' terminus of FgTril. Transformation of F verticillioides was done as described elsewhere (Proctor et al. 1999 ) with selection on hygromycin (300~g/mL; Sigma Chemical Co., St. Louis, Missouri).
Transformants were analyzed by PCR using a primer in the FvFUM8 promoter sequence, rp484 (5' -GGTTAGATG ATTGATTCCAGGGTACTG-3'), and a primer in the FgTril sequence, 1462 (5'-GTAGCAGTGCGTCTCTGAG-3') or 1514 (5' -CAATTCGAGGATAGCGACTC-3').
The vector containing FsTril was prepared with primers 1573 (5' -CAGTCTAGAGCCATCATGTCAAAAGTTGAT AAAACTGGTTATGC-3') and 1563 (5' -CATGGCGCGCCG ACTGGAATTAGCTAGTTTTATCTGAC-3') using Platinum Pfx (Invitrogen) on a template of F sporotrichioides RRL3299 genomic DNA. The amplified fragment was then treated in a similar fashion to FgTril and inserted behind the FvFUM8 Three separate transformations were done for each construct. Transformants were confirmed by growth on hygromycin, trichothecene analysis (see below), as well as a PCR analysis using appropriate primers combinations (1563 or 15905' -CCA CTCTTGGTTTCGAC-3' paired with rp484) to confirm the presence of the FUM8-Tril fusion constructs.
Chemical analyses
Culture extracts were analyzed using a Hewlett Packard 5890 MSD spectrometer equipped with a GC 5890 with a DB-5MS column (30 m x 0.25 mm film thickness). The oven was temperature programmed from 120 DC at injection to 210 DC at 15 DC/min, held for 1 min, then heated to 260 DC at 5 DC/min and held for 3 min with helium as the carrier gas.
were removed, extracted with ethyl acetate, and analyzed by gas chromatography -mass spectrometry (GC-MS) at time points up to 7 days for the appearance of new oxygenated and acetylated products. To isolate sufficient quantities of trichothecenes for spectral analysis, larger scale cultures (100 mL in 250 mL Erlenmeyer flasks) were amended with 10 mg of calonectrin or 4,15-DAS.
Trichothecenes
Calonectrin was prepared by treating 15-decalonectrin isolated from a Tri3 mutant strain (McCormick et al. 1996) with acetic anhydride in pyridine. 4,15-DAS was isolated from the UV mutant MB 1716 (Beremand 1987 
Results
PCR analysis of mutant strains
The TriJ expression vector consisted of the FUM8 promoter fused immediately upstream of the FgTril or the FsTriJ coding region and the 3' flanking D A. For the study of expression analysis, the integrity of the coding regions is imperative for producing a functional enzyme. To ensure that transformants carried the appropriate FUM8 promoter - 
FUMB
TriJ construct, PCR analysis of transformants was done to amplify fragments that spanned the FUM8 promoter and FgTril or FsTril coding region junction. For example, transformant GMT807, generated by transforming M-3125 with the FUM8 promoter -FsTril construct and analyzed with primers 484, 1590, or 1563, yielded the expected 1.6 and 3.3 kb amplification product, respectively (Fig. 2) . The PCR analysis of GMT716, generated by transforming M-3125 with the FUM8 promoter -FgTril construct, yielded the expected results of a 1.6 kb band using primers 484 and 1462 and a 3.4 kb band with primers 484 and 1514 (Fig. 2) . In contrast, when wild-type M-3125 genomic DNA was used in the PCR analysis, the only band seen, as expected, was with primers 484 and 237 (Fig. 2, lanes 2-6) .
FsTril and FgTril expression in R verticillioides
FUM8 is a fumonisin biosynthetic gene, and in wild-type F verticillioides, it is expressed after about 70 h of incubation in liquid GYAM medium (Seo et al. 2001) . Following transformation of the FgTril or FsTril expression vector into F verticillioides M-3125, hygromycin-resistant transformants were recovered and initially screened for TRII (Tril protein) activity by examining their ability to metaboFgTri1 coding lize exogenous isotrichodermin, calonectrin, or 4,15-DAS when these compounds were added to 3-day-old liquid GYAM cultures. Ten FsTriJ and 20 FgTril hygromycin-resistant strains were screened, and three FsTril transformants and three FgTril transformants were identified with TRII (Tril protein) activity. Two later transformations resulted in six additional FsTril strains and two additional FgTriJ strains.
Conversion of trichothecene metabolites by wild-type R verticillioides or by GYAM medium
As a control, all the trichothecenes used in feeding studies (Table 1) were incubated in GYAM medium (pH 2.6). one of the trichothecenes were altered after 10 days of incubation. A number of trichothecenes were also fed to cultures of F verticillioides M-3125. Isotrichodermin was not altered after incubation with F verticillioides. Calonectrin fed to F verticillioides cultures was slowly deacetylated at C-15 to form 15-decalonectrin. There was also bioconversion of 4,15-DAS, with initial C-3 acetylation to form 3,4,15-triacetoxyscirpenol (3,4,15-TAS), followed by C-4 deacetylation to form 3,15-diacetoxyscirpenol (3,15-DAS). Finally, 7,8-dihydroxycalonectrin was converted to 3,15-ADON by M-3125 (Table 1) .
Conversion of trichothecenes by F. verticillioides expressing FsTril
GC-MS analysis indicated that when FsTril-expressing cultures were fed calonectrin or isotrichodermin, only 8-hydroxycalonectrin or 8-hydroxyisotrichodermin, respectively, were formed (Fig. 3) . When 4,15-DAS was fed, 3,15-DAS as well as a very small amount of the C-8 hydroxylated product, 8-hydroxy 3,15-DAS, were detected (Fig. 3) .
Discussion
Conversion of trichothecenes by F. verticillioides expressing FgTril
GC-MS analysis indicated that cultures of transformants expressing FgTril converted isotrichodermin into a mixture of 8-hydroxyisotrichodermin and 7-hydroxyisotrichodermin. In cultures fed calonectrin, the major metabolites formed were 8-hydroxycalonectrin, 7-hydroxycalonectrin, and 3,15-diADO (Fig. 3) . When larger scale cultures (100 mL) were grown and fed 10 mg of calonectrin, 7,8-dihydroxycalonectrin was found in addition to these three compounds. In cultures fed 4,15-DAS, 7-hydroxy-3, l5-DAS and 3,15-DAS were detected (Table 1) (Fig. 3) .
The heterologous expression studies reported here indicate that the FgTrii and FsTrii homologs differ in function. The data indicate that the FsTril enzyme catalyzes C-8 hydroxylation only, while the FgTril enzyme catalyzes both C-8 and C-7 hydroxylations. Fusarium verticillioides strains expressing FgTrii could add hydroxyl groups at C-7 or at C-8, but those expressing FsTril could add a hydroxyl group to C-8 alone. Both calonectrin and isotrichodermin served as good substrates for both FgTRIl and FsTRIl. In FgTril transformants, there did not appear to be any preference for the C-7 or C-8 hydroxylation with these substrates, since 7 -hydroxyisotrichodermin and 8-hydroxyisotrichodermin or 7-hydroxycalonectrin and 8-hydroxycalonectrin were formed in about equal amounts. Although 3,15-diADO was found in calonectrin-fed cultures, the likely intermediate leading to its formation, 7,8-dihydroxycalonectrin, was only found in large-scale cultures fed greater amounts (10 mg) of calonectrin, suggesting that there is relatively rapid conversion to 3,15-diADON once the diol is formed. The deacetylation of 4,15-DAS and 3,4,15-TAS to 3,15-DAS by F. verticillioides may have limited efficient oxygenation at C-8 In Tril transformants. However, a small amount of 8-hydroxy-3,15-DAS was detected in cultures expressing FsTril. This small amount may in fact be formed by C-8 hydroxylation of transient 3,4,15-TAS. Cultures expressing FgTril converted 4,15-DAS to 3,15-DAS and 7-hydroxy-3,15-DAS. Unlike the other isotrichodermin-and calonectrin-feeding experiments with FgTril-expressing strains, no 8-hydroxy product was detected. These results suggest that the presence of a C-4 hydroxyl group limits C-8 but not C-7 hydroxylation.
Heterologous expression systems may be complicated by enzymatic activities present in the host strain acting in concert with the introduced gene products. Fig. 3 . Total ion chromatograms from precursor feeding experiments. Labels above columns of chromatograms indicate the compound that was fed to cultures or to uninoculated GYAM medium. Labels to the left of each row of chromatograms inclicate culture or medium to which the compounds were fed. GYAM, un inoculated GYAM medium; Fv, wild-type Fusarium verticillioides M-3125 GYAM culture; FvFsTri l, FvF8FsTril GYAM cultures; and FvFgTri 1, FvF8FgTril GYAM cultures. Within chromatograms, the numbers indicate trichothecenes identified by GC-MS: (1) isotrichodermin, (2) 8-hydroxyisotrichodermin, (3) 7-hydroxyisotrichodermin, (4) calonectrin, (5) 15-decalonectrin, (6) 8-hydroxycalonectrin, (7) 7-hydroxycalonectrin, (8) 3,15-diacetyldeoxynivalenol, (9) 4,15-diacetoxyscirpenol (4,l5-DAS), (10) 3,15-diacetoxyscirpenol (3,15-DAS), (11) 8-hydroxy-3,l5-DAS, (12) 7-hydroxy-3,15-DAS. (Kimura et al. 2003) . We have previously shown a yeast heterologous expression system was complicated by the presence of trichothecene C-3 acetyltransferase activity in Saccharomyces cerevisiae AYT], a gene controlling C-3 acetyltransferase activity (Alexander et al. 1999 . We have previously identified an esterase gene (Tri8) in F. sporotrichioides and F. graminearum that acts on C-3 acetyl groups . Two esterase functions had been earlier identified in F. sporotrichioides, with activity towards the C-3 and C-4 acetyl groups (Park and Chu 1996) . In the current study, F. verticillioides exhibited both C-3 transacetylase and C-4 esterase activity, which resulted in 4,15-DAS being converted to 3,15-DAS. Although we found both trichothecene C-3 acetylation and C-4 deacetylation actIvIty, we have found no evidence for C-7 or C-8 hydroxylation activity in this fungus. onetheless, the rapid deacetylation at C-4 appeared to limit oxygenation at C-8. Use of an esterase inhibitor, such as ebelactone (Uotani et al. 1982) , may block C-4 deacetylation and improve this heterologous expression system. The deacetylation at C-15 proceeded slowly, and only a small amount of 15-decalonectrin was formed. The 15-decalonectrin formed was not further metabolized at C-7 or C-8 in strains expressing FgTrii or FsTril, and sufficient calonectrin remained to serve as substrate for the Tril protein TRII (Fig. 3) . The production of 3,15-diADO in calonectrin-fed FvF8FgTrii cultures suggested that FgTrii controlled both C-7 and C-8 hydroxylation as well as oxidation to the C-8 keto group. However, this final oxidation was also observed when 7,8-dihydroxycalonectrin was incubated with wild-type F. verticil/ioides, which indicated that this conversion is due to a different enzyme activity ( Table 1 ). This is consistent with feeding studies done with disruption mutants of FgTrii (McCormick et al. 2004 ). These mutants were able to convert 7,8-dihydroxycalonectrin, but not 8-hydroxycalonectrin, to I5-ADO . The availability of the F graminearum sequence should facilitate identifying candidate oxidoreductase genes.
Our results have shown that FgTrii is distinct from FsTril and that FgTri] controls oxygenation at both the C-7 and C-8 positions, which suggests that the genes are not strict homologs. Although there were complications of trichothecene acetylation and deacetylation activity in wild-type F verticil/ioides, these can be accounted for with control experiments. Heterologous expression of trichothecene biosynthetic genes in non-trichothecene-producing species can help elucidate their function.
